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ABSTRACT

A frequently observed ship wake feature in Synthetic Aperture
Radar (SAR) images is a dark, narrcw ‘ine alcng the ship track.

s

These features have been tarmed turbulent wakes, although it is n¢
clear that turbulence alone is responsible for their appearance, [t
has been suggestec that vortices procuced by the ship's huli may de
responsibie for the suppression of surface waves near the ship tracx

e »f tne srgotnecd area,

¥9}

ang an ennancement 0f the waves near tne ¢

The primary purpose of ~the~stucy reported here Was to use a
hydrodynamic model for ship-generated vortices as input to existing
radar Sackscatter mccels, and to use this hybrid mecdei to proguce
simulated SAR ship wake signatures for comparison with actual mea-
surements, For the limited number of cases considerad, the simulated
wake signatures agreed closely to those cdserved in actual SAR aata.
Qur results alss indicatad that the SAR signatures are related to ine
vortax currants uncer 3w wind ccondilicns and te the strain ratas

assgciated witn the snip-generated vortices under nigh winds,

additicral studies iacluded the racar rascluticn Zepergence o€

SAR sn

srt 5f a3 snip wake image for ‘nforma

—_.

n wace fa2atyres as well as :xamination of the Fourier trans-

which couic be usec in an

ce
<
|

" : . 1 :
3utomatic detection aigerithm,
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SERM_

1
INTROOUCTION

Ship ~ake patterns exhibiting a wide diversity ¢f appearance have
been noted on Synthetic Aperture Radar (SAR) images collected w~ith
various systes under a broad range of environmental conditions, As
a resuit of 3 careful examination of the available data and 3 cata-
loging of these observations, in addition to several recent theo-
retical analyses, it appears that the wake stryctures within the

r

existing oody of observational data can Ye classified into tnr

32
(0

1

[

*

1]

genera! categories of phencmena a3 shown in Figure 1. These cata-
gories include: {1 surface waves generated directiy by the snip,
(2) turbulent wakes or vortices containing relatively persistent byt
non-propagating currents, which are visible by SAR through tke inter<
action of ambient waves with these surface currents, and (3) inter-
nal waves generated by the ship, which again are visible because of
their interactions with short surface waves. ERIM i¢ actively
involved in all three phases of SAR ship wake studies, An earlier
study (Lyden, et al., 1985a), careful'y examined the SAR imaging
characteristics c¢f ship-generatec surface waves., That study ‘nii-

zates tnat the DbSrignt, narrow V-wakes Joserved tenind snips unger

(9%
[1¢]
1

iow wind congitions couic be ageguateily explained S5y 3 first-or
3ragg scattering mechanism. EIRIM has alsc performed research inte

ship-generated internal waves (iLyden, 1385b).

Tne purpose of the study reported here has been tg investigate

the narrow Jark sands frequentiy cbserved in SAR imagery axtengs

-]
TS}

dennd meoving ships, These featyres occur when the ccean surfacgs s
sufficiently rougr L0 yield a measdrable radar return, Wnign s

suppressed in the regicn near tne snip track. The suppressiin s

frequentiy more osriangunced at L-dand (23,3 ¢m waveiength) than 2t

s

{=2ang {3.2 Im wavelength)

[a]

ne s sgmetimes acLempanted Sy 3 trUcont

(4]

iine onosne 3r odotn edges of the cark arei.  An example 3f tnes?

<

—
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e Surface Ship Makes & s

Ship-Generated Turbulent or Yortex Ship-Genarated
Surface wWaves Wakes Internal wavaes
o | - _
Y Y .
—— Dark, Narrow Maket Wide Range of Anglés
Somicimes with Srigat Cepending on Ship Speed
Smalli=Scale Large-Scale Edges {Moderate to and Stratification
(Bragg) Waves Kxelvin) Wakes High '+ ) Conditions (Moderate Winds)
‘v {
8right, Marrow Classical Xelvin
V.dakes Wake (Moderate
(Low Winds) Winds)

Cverview of Ship wWake Generaticn Mechanisms
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features 1is shown in Figure 2 for simultaneously obtained L- and
X=band imagery.,

The features described above have been termed turbulent wakes
(Shuchman, et al., 1983), although it is not clear that turbulence
alone 1{s responsible for the appearance of these features. The
effects of turbulent currents on surface waves are not we!ll underw
stood and the persistence of the phenomenon is somewhat problematic.
It has been suggested that horizontal vortices produced at the edges
of the ship's hull, as well as a net rearward velocity within the
turbulent wake, may be responsible for the suppression of surface
waves nedr the ship track and an ennhancement of the waves near the
edges of the smoothed area (Swanson, 1984). These characteristics
are shown graphically in Figure 3. The vortex mechanism would also
help explain the persistence of turbulent wake features in SAR
imagery. Turbulent wake features have been observed extending up to
20 km aft of the generating ship in Seasat imagery.

In this study, a first attempt is made at using a hydrodynamic
model for these vortices as input to existing radar backscatter
mocdels, and to use this hybrid model to produce simulated SAR wake
signatures for comparison with actual measurements, Presented below
1$ a description of the hydrodynamic and radar backscatter models we
employed. This is followed by a detailed quantitative comparison for
a single data set which appears to validate the application of this
mcdel,

The model was then exercised to predict the expected SAR signa-
ture for several hypothetizal ship, SAR, and environmertal condi-
ticns, These results can be used to aid in the design of an optimum
SAR system for the detection of these wakes. This is followed by a
presentation of several SAR 1images which appear to qualitatively
agree with model predictions. Also presented in this report is an
investigation 1into the effects of SAR resolution on ship wake
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7 m/s)

X-Band 1 |
1 km

Figure 2. Simultaneously Obtained L- and X-Band Optical
SAR Imagery of a Turbulent Wake Feature
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Figure 3.

SCIASIIMAL BRIGHT LINES ~—

SHIF
l
|
-+ l%
| SURFACE SURRENTS JUE *0 v4R™!2£3
-+ ‘ {TYPICALLY L « 100 ¢/,
|
il g
1
|

NET QEARWARY VELOCITY
(TYPICALLY 1 - 10 en/s)

SARK AREA——a-s]

MULL JORTICES
NGT 0 SCALES

Ciagram of Turbulent Wake Structure Showing Pnssible Role
of Vortices and Net Rearward Yelocity Within Turbulent
Region {after Swanson, 1984)
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detection as well as a study on the use of the Fourier transform of a
SAR shin wake image for dJdetection applications., Finally, a conclu-
sions and recommendations section {5 presented. [ncluded as an
appendix is a discussion on the detectability of surface patterns in

SAR imagery.
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SAR MQOOELING OF YORTEX WAKES

[n this section, a description of the hydrodynamic model for the
vertex wakes s given as well as a description of the radar back-
scatter model we utilized in cur simulations. This is followed by 2
quantitative comparison of a simulated wake signature with ictual
measurements fsr a case where the various ship and environmenta!l
parameters were well xnown., A series of simulations were also ser-
formed to nhelp cetermine an optimum SAR configuraticn for the cetac-
tion of vortex wake features. Several SAR images of turbulent wak?
featyres are 1lsc presented which qualitatively support tne vort-ax
mechanism, Finally, a brief .aivestigation of the effects of SAR
resolution on ship wake detecticn {s presented, as well as & disrrg-
siorn on using the Fourier transform of & ship wake image for detec-
tion purpcses.

2.1 HYCRCOYNAMIC MODELS

The hydrodynamic aspects of our study can be grouped into two

categories, The first is the manifestaticn of surface currents
through vertex generaticn, The secoand is the interaction of thasa
currents with the snert-scale Bragg waves which produce the ragar

sackscatter, Zach of these tgpics s discussed beicw.

2.1.1 YORTEX WAKE MODEL

he components 5f the proposed vortex w~ake moge! are 17 iyusiritsc

gure 4. In this figure, 3 ship is shcwn travelling trrougn

3
ct
3
(D

water at steacy speea U_., 1% radiates 3 Xegivin wake. which carries
>
H

wdy foradra mcmentum.  The turdulient wdke procuced by the $ht)

e
therefore must nave 3 net rearward mementum, as Shown n the froure,

[+¥)

.

inoagdition, a v

&)

rtex pair ‘s proauced by the ship huil, whicn siuses

—~ ~n
3 Zhan

W

g in tne lateral flcw fisld bening the ship., Angd fina'lly
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Wake Flow ot Ship

nadm.d\

Momentum
from
Kelvin Wake

Momentum
Wake

Thermocline

Figure 4, (Cverview of Hydrodynamic Flow in Wake of Ship

(from Swanson, 1984)
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when a strong thermocline i§ present, the flow field of the vortex
pair can {nteract with {t, causing pressure and velocity changes at
deptns which generate {nternal waves. Al! of these hydrodynamic
phencmena give rise td horizonta! currents at the ocean surface which
intaract with surface waves 0 produce changes 1in surface roughness
which are potentially detectable 2y SAR, The present report con-
siders only the effects of the vortex pair,

ship generates a ficw field cue to a vortex pair which is oro-
1. In

s it passes arosund the Sottom of the ship hulil) as
i1lustrated in Figure 5. This gives rise to & pressure drop along
the bottom of most of the hull, due to the Bernoulli Effect. This
effect has been confirmed on ship hulls by numerous measurements, and

»
.

-

—

e hu

93
t

H
Juced and shed 4 displacerent shins, the water
t

[« 7]
o
(9]
<D
D
3
jaY]
r
D
303

gives rise to a negative lift, or downward force which is weli=kncwn
to naval architects as "sinkage-inatrim" or 'squat." This force
¢auses tne ship to ride 'ower in the water at higher speeds.

This force L can be described dpproximately by

L2

p¥s ! v

o
L= (el s

anere & is the sinip beam, & its length, : the water censity, G, the

snip speed, anc CD a coefficient setween $.° ang 0.0), gepenaing 2n
hut'l snape, The ¢oefficient Cp nas been estimatec as

~ = I/C\\ 3.".2 :?\

v T LD = . LL

; \\Z./'
Sromotne theory of 1ift, it can e shown that tnis forge must jtve
rise to the snedding of at least cne vortex pair, iand the total civ-
cgiation T in the vortex must te

cul
_ - 078 N

snere f 15 3 corstant approximately egqual o Z.

Jissribution 2f 1i¢% on the nyli 2f the ship,
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Origin of Bernoulli Pressure Drop

Ram Pressure v
Increase

Pressure Drop Due to
Bernoulli Effect

Figure 8. Schematic Showing How Velocity Increases and Pressure
Cecreases Beneath Hull of Displacement Ship (from
Swanson, 1984)
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The definition of circulation I {s that {t is the total inte-
grated vorticity ser unit langth along track in one of the vertices,
Wwhen the vorticity in such a vortex is highly 'ocalized in the vortex
core, the velocity flow field due to the vortex can be des¢ribed very
simply as a tangential velocity field Vo oY

Vo = Tov (

Ahare T i the circulation in the vortex, and r is the radius to the

*

£
-~

vortex center,

The vertices shed Sy the hu'll will have the gecmetry and orfenta-
tion shown in Figure §, This will produce upwash in the center ¢f
the wake behing the ship, and generate a spreading or diverging flow
in the wake center at the surface., This lateral surface velocity ¥$
designated Vy.

Because the boundary condition for the water surface is that the
flow must be primarily horizontal, a pair of image vortices are
required above the surface to satisfy this conditien., The inter-

acticn of the nuil vortices with their i‘mages causes a lataral mcticn

5€ the nuyll vortices 2way from gre incther, The iatera’

1
Sr wn ula

speed V_ of the nui' vortex core wiii te
V. = gt 2 ow——r 3%
C w12 P St '

Here, ¢z is the equilibrium cdepth of tne vortex, % can be shown that
23Ccnh vortex comes o an egquilibrium deptrh of about 3/Z, anich is very
cisse <c the depth at anhich it s procduced, 4and consequent’y 1°S
meticn after shecding is privarily horfzontal,

)

The resgiting iateral veiccity field vy 3t the surface «i': o2
given 3y
. o T Z Z 1 -
EARLE NP A N P 2 "
b i -4
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Coordinate System tor Hull Vortices

i '. Surface Lateral
yvuoclty —
— fﬁ/

Blockage Point »
of Surface Waves
‘Envelope Line’

Figure 6. Cefinition of Model Coordinates (from Swanson, 1984)

12
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where & 15 the lateral separation distance between the vortices, 7 is
the depth of the vortices, and y is the lateral distance from wake
centerline on the surface. As a result of this analysis, we see that
the vortex pair generatas a lateral spreading velocity on the surface
sehind the ship, and this current will alsc have an effect on the
amplitude of any surface waves which are present, thereby offering
possiniiity of detection by SAR. The inrtaraction of *these sor

ctr

€X=-

induced surface currents with smali-scale surface waves will he

o
—

..
cussed in the next section,

1.2 WAVE-ZURRENT INTERACTIONS

The microwave reflectivity of the acean surface is primarily

[

function of the small-scale (centimeters and decimeters) surface
roughness, For incidence angles between about 20° and 70°, 3ragg
scattering is telieved tc be the dominant scattering mechanism, The
8ragg scattering mede! yields a radar ¢ross section per unit area
£

{for the backscatter case with the plane of incidence perpendicuiar

to the y-axis) of

& oy

A2k sin e, O}

A

s
5

(V9]

o
F3s

! .
[

where x 15 tne electromagnetic wavenumber, & is the incicence argle

w((x ky) ‘s the wave height spectral cgensity, arg g...s) ar
scattering coefficients /vaienzue'a, 1!G78). Thus, to firs
the backscatiered pcwer is proportional t2 tne surface wave sgectra’

censity at tre 8ragg wavenymter

Fer tre purnoses Of sur waxe stucies, w~e 3re interested in “he 2nange
¢f spgectral cemsity of 3ragg waves 3t 2ach point in tne vortove

oroduced current natiarn and whether these changes are cbservan’'2 Ly
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achieve this, a computer program Ras been written and |

mented on a Zenith Mode! 100 microcomputer., This program was inie

tially written for use in internal wave studies and {s described in
detail by Lyzenga (1984)., [n summary, this program solves for an
initial wavelength outside the current pattern corresponding to the
Bragg waves at each point in the current pattern., The program cal.
culates the change in spectral density for these waves due to current
interactions. The basis for these calculaticns is the conservatien
0f wave action spectral density (Phillips, 1977) which is defines as

N =

€im
L

where F is the wave height spectrum ard o 1§ the radian wave fre-
1

quency (w = (gk)'/zj. The wave height spectral density at equi.

librium is assumed to be given by the Phillips spectrum

- ) 1"4
FO(K) = AK (]C)

$c the wave acticn spectral density at equilibrium is

2172, 4.5 ;
AgTl e TR AR

==
-

———
[]

Note that this perturdation functitn agpites to the wave he'ght scec-
trum as well, thus, the perturbation is Jirectly related to tne
expected change in radar backscatter bHased on a 8ragg scittertrg
Toge -zgq. (7). To relate this perturhation value %to the mcre om-
menly used Sagkscatiar change ‘n Zecibels, one wcould simpiy use
relaticonship

SIET)

[V

(e}
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RN

Severil points should be clarified regarding this apprcach. The
initial wave conditions are based on a Phillips spectrum, which
assumes that the waves are saturated. This may not bHe true at low
wind speeds. Also, it is not clear how much waves can grow beyend
saturation before the onset of breaking, This weuld minimize the
effects of positive perturhations calcuiated by ocur medel, It shoulsd
be menticned that the wind growth/reiaxaticn rates used in cur model
were based on the work of Hughes ('978), Finally, we should note
that anly transverse currents associated with tne ship-generate

'h

vertices nave been ¢cnsigerec., We nave not incliuded the effects

the rearward axiai current in this aork.

2.2 MCOEL RESULTS

Inciuded in this section 1§ a detailed comparison btetween our
model predictions and actual measurements made on data c¢ollected
guring the 1983 Georgia Strait Experiment. Also included are

irs

o

series of mode! calculations of wake detectability for a sariety o

Y

ship, radar, and envircnmental! parameters, These resu'ts can te usad

t¢ getermine ar cptimum sensor configuration for vortex wake qet

[17)
«
i

S
tign. Finaily, several SAR images of ship wakes are presented 2rg

discussed within the context ¢f the vortex wake mogel.

2.2.1 DETAILED CCOMPARISON

Aitheough there exists a great deal of SAR imagery containing
snips and turbulent wake~ilike featyres, there are yery few cases
wngra tne wake-generating snip parameters and wind conditicns wer2
~€'7 lccumented, One exception is the SAR data coilected during tre
383 Georgta Strait Ixperiment. The required snip parameters fcr cur
are iength, beam, and speed. Surfice wind speed and direction
are 33159 necessary ‘nputs.  Juring portions of the Jeorgia Sirais
ixgeriment, the Navy tug Cuapaw w~as making centrslleg runs 3s sare
Sf a snip wake study. During these runs, the ship speed was ne's

constant and the surfice wind conditions were menitored,

15
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dresented in Figure 7 is an L-band image of the Quacaw ard its
wake wnich was collected during tne 1983 Georgia Strait Experiment,
The stern waves and turbulent wake generated by the Quapaw are
¢learly visible. The approximate wind conditions during this run are
shown graghically on the image., Or» kilometer aft of the ship's
location aiong the line A-A' indicated on Figure 7, radar backscatter
values were extracted and are shown pletted in Figure 8, These mea-
surements indicate a peak in radar intensity at the upwind edge 2of
the wake feature which is abcut 11 @B above the minimum intensity
jevel at the wake center. A simulation of this wake was perfgrmes

corresponding to tnis iccation, The parameters we usec in this s:mu-

tation were congistent with tr Cudpaw's during the run and were

. based on the fast vortex decav model discussed by Swanson (1984)., we
allowed the separation of the vortices [b in £q. {(6)] to vary %o

match the width of the observed wake feature., The surface current

profile for this simuiation is shown in Figure 9(a). The cerrespond-

ing spectral perturbations which were simulated for this case are

presented in Figure 9(b). These were gererated for a surface wave-

«

length of 3G c¢m which is approximately the B3ragg wavelength for the

Vel

jata studied, Figure 9{b; can be interpreted 35 the w~:ing ang wavas
beth  travaling from right to left entering the currant patter-
pilotted in Figure 9(a). These resulls inaicate a strorng positise
pert.rsation at the lccaticn of trhe maximum adverse current, and 3
naximum negative perturbation where the waves and current are in tne
same direction and the current is 2 maximum, Downwind cf this pgint,
the waves gradually return £o equiiidrium,

A

A compariscn Setween tn2 precdicted and actyal ragar fntenstiies
for this wake featyre is Shown in Figure 13, The simulatag ragar

intensities were chbtained 5y converting the spectral perturba

X

)
a
(%

w
3
O
¥
3
e}
(@]
or
(44
({5
Q
D

Figura 3J(a; 3 equivalant Dbackscatter changes °°
decivels using the relaticnship given previcustiy as Zg. |

vertical and hgorizontal positicn of the “wo plots was adjustad 2
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Figure 7. L-Band Digital SAR Image Collected During the 1983
Georgia Strait Experiment; the Location Where Backscatter
Measurements were Performed is Indicated by the Line A-A'
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achieve tne dest agreement dased on visyal observations. The ¢lose
agreement between the precicted and actual data s obvicus.

Some notes c¢f caution should be made regarding these resuits,
The parameters we used in cur mode! were adjusted Lo match *he
chserved data, however, they were very close t0 what we wou'd have
predicted for the Quapaw. The gcint we are trying te make in this
discussion is tnat the vortex wake mode! discussed ‘n the previous
secticn can be used tu help explain ship-generated wake features.
we use the resuit discussed above as justification for using this
madel to predict expected radar signatures for ¢ifferent shipg anc
radar parameters Jnder 2 variety of wind <2nditicns.  This ig A

topic of the next sectign,

[

2.2.2 MOOEL "2EDQICTIONS

One goal of developing the mod2l described above was o be ab'e
to predict the detectability of vortex wakes from various ships for a
variety ¢f different waveiength radars and surface wird conditions,
Predicticns of this type would also help define an cptimum racar své-

tem for vortex wake detecticn.

TwG  Ship Jases were used n our simy

R - R \ Rl > aYata K ~ ~51 7
ase I in Swansgon 113240, hese correspond %5 3 smalt

‘he gseciy characteristics of wvortexwgererited syrfice currents

witn gistance 3aft cof the generating snip were calculates 5y Swansan

1984 o+ the w0 3hips w2 mccellec and are shown alaties e
Sigura Ut Y ts interesting %o sota from this algt that tne r2ar.
warl ax:3ali Zurrert, alftnougn snatler initially, deciys more slow'v

nagnrtuge.  Inclusior of axial currents in 3 Tmore comprenenstie

—ogde:.ing 2ffort i3 cne recommencation rasgiting from tnis work.
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Cne set of simulations were generated for the five kiloten ship
corresponding to a locaticn cne xilometer behind the ship., The peak
tateral velocity frcm Figure 11 is about 3 cm/¢. We adjusted the
vorticity in our medel to produce similar currents, The remaining
parameters in our model were fixed at the values predicted by theory,
The surface current orofile far this case s shown plotted in
Figure 12, The detectability of these features as a function of
racdr waveiength are shown piotted in Figure 13 fer wind speeds of
3, 1.3, 3, 6, ang 12 =/s. The surface wavelengths we consicdered
included 3.2, 5.7, 25, and 'CC cm. At 30° incidence angle, trese
would correspond o the 8ragg wavelengths at X-band, Z-banc¢, L-sang

and 1C0 e¢m, respectively.

The parameter we have plotted in Figure 13 is defined as the
absolute value of the maximum negative cpectral perturbaticn pre-
icted by our model., This parameter was selected for several rea-
sons,  EZxamination of historic SAR data sets clearly demonstrates
that the turbulent wake=like features we feel are related to a vertex
mechanism are visible due to a cdecrease in radar returr [negative
spectral gserturbaticn) aft cof a snip ard ~ot due %o an increass in

D

(1

raddar Dtackscatter a’c"g the ecges 3f the wake, Alse, Sur o

e
3S54Tes 31 saturated Phi § spectrum as the initial nperturseg

(J

congitions, it ig unclear acw this spectrum can be erharced befcre
the cnset of breaking., The Jetectability cf spectral perturbaticns
in SAR imagery s discussed in cetail in Appendix A, For cur pur-
noses, 1 spectral perturbaticn of about 5,15 appears to be the thres-

¢ of cetectability, This value is indicated con Figure 13 5y 1

Tne rasyits pictted in Figurs 13 show that two affacts are occur-
~sng,  Ahen relaxation effects are not inc'uded ‘U = C mis), tne
Sn3ri2st waves soCw the maximym sertyrsaticn Ty the vortex-generitac
surface currents, shen -elaxation effacts are included, the pertur-

" : : . -

2dt'on of the snortar wavelangths s sharpiy reduced. nis s
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S Rl

because w~aves of these lengths quickly relax back to their equi=
1ibrium values, In our model runs, we used a grid spacing of 3 =
corresponding to the nominal resclution of existing airborne SAR syse
tems, At longer wave'engths, the perturbations caused Sy a given

current are ¢maller than for shorter wavelergths, but the relaxation
effects are aiso reduced. This s illustrated in Figure 13 for the
100 cm waveiength case. The perturbation of these waves {s smalier

! hange

than the shorter waves for little or no wind, hut it does nct c¢han
£

Y
cayion

significantiy as w~ind effects are included. Jne word o
sncule Se incluced. Cur moce’ assumes a saturated Phil!
past radar and surface measurements have indicated that this assump-
tion is Justified for X- and L-:and (2.2 and 2% cm) wavelengths; it
has not been demonstrated for 100 cm waves. It should also Se noted
that the low wind speed simulations may not represent a realistic

155 specirum;

situation due to the lack of background signal,

A second set of simulaticns were generated for the 500 kiloten

4

supertanker case corresponding to a i¢cation five kilometers tehind

Y
‘

the ship (Case 3!, The peax lateral current velocity for this case

(3]
\)

B

wn

is atgut i as shown on Figure 1l, We again agjusted the
verticity in our mede! to produce simiiar currents. The remaining
parameters sere fixed at values oredicted by theory. The surfice

current orafile calculated for this case is shown plicties

]

Figure 14, The maximum spectral perturbations caused by tnis curren:

field fs shown in Figure 15 as a function o0f surface waveiengin ang

#ind speed., Jue 0 the large currents associated with this case,

sur model czuid 1ot Se used for b zers w'nd case or for the 40

z3
(4]

snorter wavelength examples. However, the cases which were run

Tih4sirate the impertant points,

ented above, the spectral per-
ted currents i a3 maximum 1%

shgrter wavelengths for very low w~ind speeds and at ignger wave-
Al

gngins for nigher wingd speeds, [n conirast to tne lase
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ERIM

oresented in Figure 13, the negative perturbation of 100 cm waves s
very hign for low wind speeds but decreases fairly rapidly as the
wind increases. Recall that for Case 1, the spectral pertyrbation of
the 100 cm waves remaired nearly constant for the wind speeds con-
sidered. It is aiso interesting to note that the perturbation of
the 25 c<m waves for this case 1§ greater than tne Case ! perturda-
tions at 1.5 and 3 m/s wind speeds, but less than the Case 1 pertyr-
sations for § and 12 m/s winds. These results can bYe expiained witn-

in the context of our model.

At very l'ow wind speeds, the spectral perturbaticn of surfac

(9

waves s proporticnal to the surface current velccity. At very nign

wind speeds, the spectral perturbation is proportional tc the strain i
rate(du/dy). which is the spatial derivative of the surface current |
orofile, At intermediate wind speeds, the spectral perturbation is
proportional to some combination of ~urrent and strain rate effects,
The wind speed at which the strain rate becomes important depends on
the surface wavelength being caonsidered and cccurs at a lower wind
speed for sheort waves. [n the cbservations above, the surface cur-
rents in Figure 12 «ere cnly about one-third as large as those in
Tigure 14, Sut the strain rates were abcut twice as ‘large, The ‘act
that the sertyrZaticn of tne 10C om waves in the Case i simylaticr
remain nearly constant indicates that the relative magnitude of the
current and strain rate effects are approximately equal, The
decrease in spectral perturbaticn of the 100 <m waves for Case 2 as
the wing speeds increase indicates that the strain rate contribyticn

'S Sacoming important.  Finally, the fact that the perturbation of

ce
3
14
~2
(93]

m waves is greater in the Tase [ study for wind speeds of 5

[2Y)
-
(&Y
.—
[AS]

/s, even though the suyrface currents were smaller, cloar’y

tnhat far this waveiangth ang these wind spe2ds, the strain

3
[¢%
(@)
[¢%)
r
1443
w

rite 15 the scminant factor.

A third and final set of ¢imy

<iioten supertanker cise [Tase 3} corresponding o 3 lccation ten
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<ilometars Yehind the ship., The peak lateral current velocity for
this case 1$ about 4.5 cm/$ as shown on Figure 11, The .articity in
our model was adjusted to match these currents, The remaining nari-
Tetars were consistent with the previcus set of simulatisns, The
surface current profile for this case is shown plotted in Figure 16,

The spectral perturdations caused by these current fields is shown in
Figure 17 as a function of wavelength and wind speed. These results
are what w#e would expect based on the discussion above. Both the
syrface currents and strain rates are ¢nly about cne-third of their
valyes in the previcus set of simulaticns, This reduces the spectra:l

serturbations at 2cth low and high wind speeds.

A final plot was produced which illustrates the spectral pertur-
bations caused by vortex-related wakes as a function of distance aft
of the generating ship, Thig plot is shown as Figure 18 and was
generated from the Case 3 simulations discussed above. These pertur-
bations correspond to locations 5 and 10 km behind a supertanker and
are plotted for 25 and 100 c¢m wavelengths and wind speeds ranging
from 1.5 0 12 m/s. These results indicate that the spectral pertur-

Satigns significantly decrease due to the decay of the vortex-

(3]

[}
2]

(7}

9
3
1

generated surface currents., These resylts indicate that ¢
face waves wou'd not de Zetectadble at either lccation under |
winds., At 1C %m bhehind the ship, the 25 <m waves would not ne
detectadie with 6 or 12 m/s winds and only margimally detectab!

e
n/s. The 1CC cm surface waves would oniy e marginaily cdetectec at

(8]
=]

« A

he 10 ¥m positian for 12 m/s winds.

cr

The simuiations presentecd above have indicated several inings.

At very low w~ing speeds, the spectral perturbations asscciates «°5n
snip-generitad Jorticas are 2 maximum for shorter wavelengths, 33
#ind spgeed increases, w~ave growth cor relaxation effects cause ne
gerturbaticn 5f the snorter w~aves to decrease sharpiy. Although they
arg ~ot as strongly perturved for a given current pattern 3t iow 4°ns

“

speecs, linger Surfica waves 4re Tore insensitive o ~e2lixatiin

31



i ) ) . e o
> ’ T P . ) ) - -

z {£ 3sej) O1ys U001y O0G ° Pulyag SJA3J3WO| LY
o
[ U3{ SIUILIN) IIVJANG PIINPOLJ-XIVI0A PA||3apoR 91 unbyy
>
o
4
a (M) 3DNVISIO IVINOZIHOH
o
x oor 002 0 002 00¥ - !
0 O P W ] e e e e - --.}.9 |
,
-
e Y ]
W bi] o~
A ™
N
[
m
..... ! w_
— - e e 0 3
_— m
\ .
; i |
| X |
v _
| ?
I
¥
= |
o




WR'M ) - : ____________ RADAR DIVISION

U= 0m/s

e

PERTURBATION
> o -
1 I I

MAXIMUM BPECTR/
o .
2

24

Q0.0

1 i T T T T

r T T
200 100 80 28 10 [ 3

WAVELENQOTH (zm)
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Surface Currents in Figure 16 as a Function of
Wavelength and wind Speed

33



RACAR DIVISION

i
"
"
It
b
4
!
)

da1ys ayy Jo iy AuPIst( pue
‘paads puiy ‘yIOUI|IABM JO UOLIDLUN{ @ SP { ASP) J40J

SIYPM PIINPOAG-XIJIO0A JO SUOLIRQUNIUDG PI||3POW "8I 24nbiy

(W) JIHS 30 14V IONVISIG

— — -
——
——
— —
—
—
— —
— —
——
——
—

l.
- - ——

- —— —
T — -

QIOHSIUNL

// /
//// s/w 9=

HIDNIIIAVM WI00Le——= S~ /n
~
HLIDNITIAVM Wd gZ o --—--e SN WwWE'gLen

~
o

s/w 9 =0

3dS WNNNIXYN

34

~
-

NOILVEHNLHY3d TvYYl




RADZR DIVISION

effects and offer the possibility of detection at higher wind speeds.
Ideally, one would want a sensor which would be sensitive to the
short waves under low winds, and longer waves for higher wind speeds.
One possibility would be a multiple frequency SAR system.

The results of our simulations also indicate that the type of
ship generating the vorticies also determines their detectability,
At low wind speeds, the spectral perturbatien of surface waves s
proportioral to surface currents, which in our model are proportional
t¢ ship velocity danu beam and inversely proportional to the squure
root of the length., At higher wind speeds, the spectral perturbaticon
is related to the strain rate. The strain rates would be highest for
those cases where the vorticies shed by the ship have not spread
apart significantly, This would be true for narrow ships with high
velocities,

The reader should be cautioned that the model we have used above
is only a first-order approach to the problem. The effects of - the
rearward axial current should be included as part of extending the
model to two dimensions. We would also like to include SAR imaging
considerations into the model such as motion effects, scatterer
coherence time, and variable resolution.

2.3 ADDITIONAL IMAGERY

Presented balow are several SAR images of ships and what appear
to be turbulent wacke features, Very little is known about the ship
purameters in these images or the surface wind conditions during the
data collections, This Tlimits our discussions of these images to a
general qualitative nature.

Figure 19 represents simultaneously collected .- and X-band SAR
imagery >f a ship towing a barge. In eech image, a turbulert wake
featuyre 1$ observed aft of the barge. In the L-band image, the wake
feature is observed to have a bright edge and a band of reduced

35
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backscaster waich gradually returns to the backgreuna intensity ahout

§ xm aft of the sarge, In the X=band image, a narrow Lrignt arm ¢
observed and also a very narrow dark raeturn ared extending to anout
4 km benind the ship., We believe that the wind cirscticn for these
cdata was towards the tep of the page. This is bazec ¢n the bright
arms chserved in the imagery where we feel the vortex~induced cur-
rents and wind-generated capillary waves are in oppesition, We mace
a rougr attempt at modeiiing these features Oy assuming a current

1
;

pattern ¢f the same form 2as lase in the previous section, [n gur
mode) runs, we assumed a wind speed of oniy 1 m/s. The surface cur-
rent profiie an¢ spectral perturbaticns predicted Dy our mocel areg
shown in Figure 20 for the L-bzl? Bragg waves. The modelled spectral
perturbations duilitatively agree with the image observatiors, that
is, 4 narrow line of in¢reasec backscatter on the assumed upwind side
o¢ the wake and a broader regicn of decreased btackscatter downw:nd,
The modeliec perturdations for the X=band 3ragy waves dre presanted
in Figure 21, These results Jo not agree as well with the imacary as
the L-band, but nevertheless, several points can ba made., The mcde!
aces nct predict tne bright rarrcw arm on the ass.oed upwind sice 5f
the wakz which is ¢gbserved in trhre data., 4e o not fuily ungderstan:
tnis byt think that the SAR may Se sensing short wsaves created 5y tne
oreaking ¢f licnger waves., Tre mcdel does predict the narrow iirne ¢f

ed Hackscatter cbserved ‘n the imagery, The structure ¢of the
celleg perturbations in Figure 21 indicates that there may be cases
ahere two iines of decreased backscatter extend bening 3 snip with
the watar between them hiving relaxed Sack ¢ equitibrium, This nag
in f3act been cbserved in numerous cases and s referred 3 a5 turbu-

r
ient wake splitting, An 2xarple is shown in Figure 22,

A Seasat SAR ‘mage ¢f 3 3hip in the Gulf of Alaska is s
‘gure 23, his particular -~mage ‘s from Fy and Heolt (1987

Al

tney sjpec.late that tne ship s 3n 21 ftanker «itn 3 visisle turbu-

2 km vensnd tne snip.  Wind speeds of abcut T TS
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Figure 22. X-Band Optical SAR Image Indicating Turbulent Wake
Splitting (Pass 2, 3 November 1978)
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Figure 23. Seasat SAR Image of Suspected 0il Tanker 1n the

Gulf of Alaska (after Fu and Holt, 1982)
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were measured during this data collection. Using the Case 3 current
profile corresponding to 10 km behind the ship, a peak spectral per-
turbation of 0.06 is found for these wind conditions. Earlier, we
jJualitatively determined that a spectral perturbation of 0.15 &£ 0,05
was necessary for detection of a wake feature in SAR imagery. Recall
that Seasat SAR data was typically processed to four looks! this
reduces our detectability requirements to about 0.075 % 0.025 so our
model rasults appear consistent with the image observations,

Two X-pand SAR images of ships and their wakes are preseinted in
Figure 24. These images are both from the same pass of data sepa-
rated by about 20 km. The wind speeds during the collection of these
data was very low, in fact, visual observations during these flights
indicated that the ships were the only source of surface roughness.
The ship in Figure 24(a) is displaced from its wake due to its range
velocity component. The speed of this ship has been estimated from
this displacement at about 10 m/s, The radar return behind this ship
is concentrated into two narrow lires extending aft of the ship. In

Figure 24(b), the radar return behind the ships consists of a region

of slightly increased backscatter. Tke Doppler displacement of these
ships indicated speeds of about 6 m/s. Recall from Section 2.1 that
the magnitude of surface currents associated with ship-generated
vortices is directly proportional to ship speed. We feel that the
higher speed of the ship in Figure 24(a) is creating highar surface
currents which concentrate the ship-generated roughness aiong two
narrow lines corresponding to the vortex locations.

Our final example is an X-band opticai image of a large ship in
the Norwegian Sea presented as Figure 25. We have estimated the wind
speeds as 10 m/s during the data collection. Observed on the image
are the two arms of the Kelvin wake and two bright narrow lines
extending behind the ship., At these wind speeds, the perturbation of
X-band Bragg waves due to wave-current interactions is close to zero.
One possibility is that the wake features in this image are due to
the generation of Bragg-scale waves by the breaking of longer waves.
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Figure 24. X-Band Optical SAR Imagery Collected During Very
Low Wind Conditions of (a) a Relatively Fast Moving
Ship, and (b) Slow Moving Ships
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bl it

Figure 25. X-Band Optical SAR Image Indicating Wave Breaking
Due to Vortex Current Interactions
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2.4 RESOLUTICN EFFECTS

In addition to the radar wavelength dependence of SAR ship wake
detection, the resolution of the SAR system being considered wil)
also determine what ship wake components will be detected and to what
degree., To study the effects of changing resolution, a digital
L-band ship wake image collected during the 1983 Georgia Strait
Experiment was reprocessed with & reduced bandwidth corresponding to
Seasat parameters, The original full bandwidth image is shown in
Figure 26(a). This image has a —=esolution of about 4 m in both slant
range and azimuth, Visible in the image are the turbulent wake,
stern waves, and both arms of the Kelvin envelope. For a general
discussion of these various components refer to Lyden et a), (1985a),
This image was reprocessed with reduced bandwidths corresponding to
one-look Seasat resolutions of 8 x 7 m in slant range and azimuth,
respectively, and is presented as Figure 26(b). At these reduced
resolutions, only the turbulent wake is visible, and its detect-
ability has dropped relative tc the full resolution image.

A comparison of actual Seasat imagery with simultaneously-
collected aircraft data of a ship wake is shown in Figure 27. These
data were coliected in the Georgia Strait in 1978, Stern waves are
faintly visible in the aircraft data as well as a clearly defined
turbulent wake, Only a very faint turbulent wake is visible in the
J2asat data. A comparison of these data with the aircraft and
aircraft-simulated Seasat data in Figure 26 reveals several things.
[n both cases, stern waves were visible in the aircraft data but not
in the Seasat case. Turbulent wakes are also clearly visibla in the
aircraft data, but are not as clearly visible in the Seasat or
Seasat-simulated data. This comparison clearly illustrates the
effects of resolution on the detectability of subtle patterns, and
also shows that these effects can be simulatad by appropriate proces-
sing of high resolution aircraft data,
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e
250 m
(3) L-BAND DIGITAL AIRCRAFT DATA

(b) SEASAT-SIMULATED DATA

Figure 26. L-Band Digital Aircraft SAR Data Processed to
(a) Full Resolution, and (b) Simulated Seasat
Resolutions
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1km
Figure 27. Coincident L-Band SAR Imagery Collected by
(a) Aircraft, and (b) Seasat
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The ability to simulate sateliite ship wake SAR imagery using
existing aircraft data is important for several reasons, Simulations
of this type can be used to determine resolution requirements for the
detection of various ship wake components, An example, would be to
determine the resolution necessary to detect the stern (transverse)
waves visible in Figure 26{a). This could be accomplished by
repeatedly processing this data at coarser resolutions until the
stern waves disappear. These simulations can also be used to predict
the ship wake signatures which can be expected from future satellite
Systoms,

2.5 DETECTION APPLICATIONS

The final study we performed as part of our ship wake analysis
was to examine the Fourier transform of a ship wake image for unique
characteristics which could then be used in an automated detection
algorithm, The ship wake data we used in this study was collected
during the 1983 Georgia Strait Experimeni and s presented in
Figure 28. The wake featuyre in this image is composed of two bright
narrow arms which are modulated by the stern waves, This image was
fast Fourier transformed and the resulting spectrum is displayed in
Figure 29. These results are displayed in wavenumber space so that
the center of this 1mage corresponds to zero frequency or 0C, with
increasing distance from this point representing shorter wavelengths.
The horizontal and vertical scales on Figure 29 are different because
we transformed a rectangular rather than a square region. Several
features are visible in the transform. Two lines of low-frequency
energy are present curresponding to and aligned perpendicular to the
narrow arms in the ship wake image, These are what would be expected
if the arms in the image could be modelled as solid lines. The spec-
tral resolution of this transform allows these arms to bLe dif-
ferentiated., There i3 also 3 well-defined spectral component which
is nearly vertically-alignea with a waveiength of about 35 m, This
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Figure 7?8. L-Pand Ship Wake Image Used in Detection Studies
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Figure 29. Fast Fourier Transform Magnitude Spectrum of SAR

Image Shown in Figure 28
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is the medulation we have associated with the 35 m wavelength stern
waves, These waves travel at the same velocity as the ship generat-
ing them, thus, they are very monochromatic fur a constant velocity
ship, With some pre-filtering, to remove ncise effects, this com-
ponent could be enhanced. Since monochromatic waves at “engths of
30«60 m are not expected in the open ocean, this compoiant being
present in Fourier transformed SAR data may indicate shin-generated
stern waves,

A subset of the ship wake image discussed above 1is shown in
Figure 30. This subset was extracted from the image shown as
Figure 27 and its Fast Fourier Transform (FFT) was calculated. The
spectrum of this transform {5 presented in Figure 31. Several
interesting features are present in this spectrum. The wake arms are
not resolved as they were in Figure 29. This 1s hecause spectral
resolution is de¢-aded as the area being transformed 1is decreased.
Again, there is a significant component at about 40 m wavelength
which is associated with the stern waves,

The work described above is very preliminary in nature,.
Additional work 1in this area would include modelling the expected
transforms of ship wake fcatu-~es, and seeing Y“ow the modelled results
compare with transforms of ratural phenomena, This would provide
insight into the uniqueness of the ship wake features. Other tech-
niques besides the Fourier transform should also be investigated for
automated detecticn applications.
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Subset of Ship Wake Image Stown in Figure 28 Used

Figure 30.

in Detecticn Studies
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3
CONCLUSIONS AND RECCMMENDATIONS

The primary purpnose of this investigation was to study the darx
wakes cbserved in SAR imagery behind moving ships. A first attempt
has Seen made at using a hydrodynamic mode! for surface currents
associated with ship-generated vortices as {nput into a wave-current
interaction mocel which predicts a spectral perturbation of the wave-
lengtn under consideration,  These simylaticns were performec at
~avelengths corresponcding to the B8ragg waves for wvaricus radars,
Spectral perturdations of their 3ragg waves are what radars are sen-
sitive ta, For the cases considered, the simulated wake signatures
generaily agreed to thcse observed in the actual data. Qur results
indicate several things,

The spectral perturbations associated with 3 vortex-related sur-
face current pattern are larger at shorter wavelengths than at longer
wavelengtns., Therefere, at low wind speeds where wind effects are
regtigible, a vortex-related surface current pattern wouid Se most
detectable by 4 radar which was sensitive to shorter waves, In
nigner wind conditicns, the shorter wavelengths regererate more
quickly than tne longer wavelengths.  Therefore, althcugh thne
sortex-related surface currents have a greater effect on the sncrter
“aves, these waves quickly return to satuyration. This return to

aquiltisrium occurs over a fraction of a typical SAR rescluticn ce!l
thereby masking any current-related features in the imagery.
Although ‘onger surface waves are not as sensitive to surface cur-
»ants, they regenerate more sicw'!y in response %o wind., Therefire,
at higher wind speeds, 3 vortex-related syrface current pattern wcu'?
Se mest Jeteciable by a radar which was sensitive to longer waves,
"deal'y, cre wouid want 3 radar which wou'd be sensitive %0 the shor®
~aves uncer icw ~inds, and lgnger waves for higher wind speeds. <Jre

00SSi3* 1ty acu'd De 3 muitiple frequency SAR system,
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The results of our simulations also iadicate that the type of
ship generating the vortices determines their detectaoility, At lgw
Aind speeds, the spectrail perturbaticon of surface waves is propor-
tisnal te surface currents, which in sur model are propartional %9
ship velocity and beam and inversely proportional to the square roof
of the length. At higher wind speeds, the spectral perturbation is
related to the strain rate which is the ¢patial derivative of the
surface current grofile, Strain rates would be highest fcr those
cases where the vcortices shad by tne ship have not spread apart sig-
nificantiy, This wouid be trye for narrow ships with hign

velocities,

Recommendaticons for future «ork in this area weuld be to incluge
the rearward axial current into our model and to extend this model t¢
perform two-Jimensional simulations, This rearward current ¢
initially smaller than the vortex-related lateral currents, b>Sut
decays mcre slowly with time. We would also like to include the
effects of coherence time, scatterer motion, and variable resolution
in oyr mode’.

Jtner analyses which were performed as part of this stucy ‘n-
¢tuded examining the relationship between SAR resgolution anc the
isinitity of varigus ship wake comporents. This «as dcne Uy praces-
sing aircraft SAR data of a ship wake with a reduced bandwidth ccr-
respending to the Seasat SAR, A coemparison of the Iwo processings
indicated that many of the ship wake components were iost at the
coarser resolutions. A zomparison of $imultaneously collected air-
craft and Seasat SAR aata indicateg that 2ur Seasat s:imulaticm pro-
Juced reascnable resuits, Jsing existing aircraft data, we can .se
this doproach t0 precdict w~hat ship wake features fyture sateli-ta
SARs snould se able to detect 3s well as nelp to define resglyticn

requirements for fuiture SAR lesign.
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The final part of this study examined the Fourier transform of
SAR ship w~ake imagery for unique informaticn which could be used in
automated detection algorithms, Results of this study were incon-
clusive byt indicated that there is some informaticn in the ship wake
image transform which may be unique and be abie to be used for
detection purposes. Recommendations for future research include
modelling observed ship wake signatures and their transfeorms and cem-
paring these to targets which would be expected to occur naturally.
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APPENDIX A |
SAR DETECTABILITY OF SURFACE WAVE PERTURBATIONS

The detectability of vortex wake-induced current patterns by SAR
depends not only on the spectral perturbation of the Bragg wave-
lengths caused by the currents, but also on the size of the perturbed
region and the resolution and speckle characteristics of the SAR
system, Presented below is a brief discussion on how these various
factors influence the detectability of vortex-related patterns in SAR
imagery. Several image simulations are presented which help illu-
strate these effects.

The model we have employed in our vortex wake simulations calcu-
lates the spectral perturbation at a specified wavelength due to
interactions with vortex-induced surface currents (see Section 2.1).
Spectral pertuvbations of the Bragg wavelengths are assumed to be
directly proportional to changes in radar backscatter. The detect-
ability of these backscatter changes in a SAR image is dependent on
the magnitude of the spectral perturbation, the extent of the per-
turbed region relative to the SAR resolution, and the speckle char-
acteristics of the SAR system,

Simulated SAR images were produced for the spectral perturbation
pattern shown in Figure A-l. This pattern consists of different
width lines with spectral perturbations ranging from 0.0 on the
extreme left of the pattern to 0.5 on the extreme right side. The
vertical width of these features ranges from two pixels at the top
of the pattern to 16 pixels at the bottom. Intuitively, the detect-
ability of these features should increase with size and spectral
perturbation,

The simulated SAR image presented in Figure A-2 was generated
assuming a resolution equal to 2 x 2 pixels and one-look speckle
statistics. Recall that speckle is a multiplicative noise effect
which arises due to the coherent nature of SAR (Porcello, et al.,
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Feature
Width \
0.0 Spectral Perturbation 0.5 (Pixels)

Figure A-1, Spectral Perturbation Pattern Used in SAR Simulations
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Figure A-2. One-Look Simuiated SAR Image [1lustrating the
Detectability of Wake Features as a Function »f
Spectral Perturbation and Width
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1976). This image indicates several things. The narrowest perturbed
region is not visible in the image, éven fo, the highest perturbation
values, The wider features are detectable at various perturbation
values with the widest features being visible at the smallest pertur-
bations. To accurately determine at what perturbation a feature in
this image becomes detectable, the image should be examined from left
to right with the right hand portion (large perturbation region)
covered, From Figure A-2, it appears that a perturbation of about
0.15 % 0.05 is detectable for line widtns greater than about 6 reso-
lution cells. A four-look simulation of the pattern in Figure A-1 is
shown in Figure A-3. The resolution for this simulation was again
assumed to be 2 x 2 pixels, The standard deviation of the speckle
in the four-look data is reduced by a factor of two over the one-look
data. This improves the detectability of the various features, The
narrowest feature is now visible at high perturbations. The minimum
detectable perturbation now appears to be about 0.075 & 0.025 for
image features wider than six resolution cells.

Models of detectability based on matched filter theory
{Lyzenga, 198%) suggest that the index

2
D= [“1, ff(‘-:) dx dy]”z (A-1)
x°y

where {ac/o ) represents the pattern strength and °x°y represent
the SAR resolution, can be wused to westimate detectability.
Specifically, a value of D in the order of 15 has postulated as a

threshold for visual detectability of internal wave patterns in cases
where speckle noise dominates the background visibility.

For 3 linearly increasing pattern strength as used in the simula-
tions presented here, the detectability index for the portion of the
pattern to the left of the position X may be written as

X 1/2
o(X) = 2 [;%—(%—) 3] (A-2)

0 o]
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Feature
'.-Hdt?
Pixels
0.0 Spectral Perturbation 0.5 S——‘-gl

Figure A-3. Four-Look Simulated SAR Image Illustrating the
Detectability of Wake Features as a Function of
Spectral Perturbation and Width
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where W 1§ the pattern width, » is the SAR resolution, and XO is
the position at which ae/e = 1. Comparison of this index with the
simulated images shows that the patterns become visible where D = 4,
which 1§ the theoretical 1imit for detectability using a matched
7 ilter, The reason for the lower apparent threshold of detectability
for these patterrs (as opposed to internal wave patterns) is their
simpler shape. That is, a pattern consisting of a single line is
more easily detectable than a more complicated pattern having the
same perturbation strength and area.

Qur final simulation also corresponded to the perturbation pat-
tern shown in Figure A-l, bvt was performed assuming a resolution
equal to one pixel and one-look speckie statistics. The —esulting
image is shown in Figure A4, This image appears very similar to the
four-look simulation in Figure A=3, éven though the variance is twice
as high, This is a result of the viewer's eye performing the non-
coherent integration (multi~looking) of the fmagery. The image shown
in Figure A-4 would be identical to Figure A-3 i€ it wds smoothed
using a 2 by 2 pixel boxcar €ilter. In other words, this image is
the cne-110k equivalent to Figure A-3 (i.e., both images have the
same bandwidth). The four-look eauivalent to Fiyure A-2 would have a
resolution of 4 by 4 pixels,

In summary, we have performcd the simulations presented above to
chow the effects of ta-get size, SAR resolution, and speckle, on the
detectability of features with varying spectral perturbations. These
simulations show that features become more detectable with increasing
size, increasing spectral nerturbation, and finer resolution or in.

creasing number of iooks,
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Figure A<4. Higher Resolution One-Look Sinulated SAR Image
[T1lustrating the Detectahility of Wake Features as a
Function of Spectral Perturbation and Width
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